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Abstract The aim of this study is to characterise the artificial normal skin
and melanoma by testing samples with different fibroblast and metastatic
melanoma cell densities using Terahertz (THz)-Time Domain Spectroscopy
(TDS) Attenuated Total Reflection (ATR) technique. Results show that melanoma
samples have higher refractive index and absorption coefficient than artificial
normal skin with the same fibroblast density in the frequency range between
0.4 and 1.6 THz, and this contrast increases with frequency. It is primarily
because that the melanoma samples have higher water content than artificial
normal skin, and the main reason to melanoma containing more water is that
tumour cells degrade the contraction of the collagen lattice. In addition, com-
plex refractive index and permittivity of the melanoma samples have larger
variations than that of normal skin samples. For example, the refractive in-
dex of artificial normal skin at 0.5 THz increases 4.3% while that of melanoma
samples increases 8.7% when the cell density rises from 0.1 M/ml to 1 M/ml. It
indicates that cellular response of fibroblast and melanoma cells to THz radia-
tion is significantly different. Furthermore, the extracted Double Debye (DD)
model parameters demonstrate that the static permittivity at low frequency
and slow relaxation time can be reliable classifiers to differentiate melanoma
from healthy skin regardless of the cell density. This study helps understand
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the complex response of skin tissues to THz radiation and the origin of the
contrast between normal skin and cancerous tissues.

Keywords THz-TDS ATR · Dielectric properties · Double Debye model ·
Artificial skin · Melanoma

1 Introduction

Early detection of the cancer, and thus to prevent further penetration of can-
cerous cells into deeper layers and enable early treatment such as surgical
excision is key to eradicating the disease [1]. The traditional cancer diagnosis
depends on evaluating the clinical examination of biopsy specimens to explore
the histopathological details of the patient. Although the biopsy is considered
as a gold standard for diagnosis, it may be time-consuming, expensive, and
cause pain for patients [2]. Thus, it is imperative to develop diagnostic medical
imaging techniques for non-invasively detecting cancerous cells and mapping
the tumour margin. Due to the THz radiation is non-ionised to biological tis-
sues and highly sensitive to water content, THz pulse-based techniques have
significant applications in biomedical field. THz technology as a tool to detect
the tumour has been widely studied, especially for the breast cancer [3], skin
cancer [4,5], liver cancer [6]. THz technology could be a more effective cancer
diagnosis tool than other conventional medical imaging modalities because the
tumour and healthy tissues have different responses to THz radiation.

When it comes to skin cancer, common types of skin cancer are divided
into two categories: cutaneous malignant melanoma and non-melanoma skin
cancer (NMSC) [7]. NMSC is the most prevalent skin cancer in the light-
skinned population, and it includes basal cell carcinoma (BCC) and squamous
cell carcinoma (SCC). Malignant melanoma is one common skin cancer that
begins in the melanocytes, and it occurs among all adequately studied racial
and ethnic groups. Melanoma is dangerous because it is much more likely to
spread to other parts of the body if not caught early.

Since last decade, an increasing number of studies have been conducted on
the characterisation of the healthy and malignant human tissues in the THz
frequencies. The potentiality for THz pulsed spectroscopy usage for diagnos-
tics of BCC was shown in works [4, 8, 9]. It has been validated that changes
in absorption coefficient and refractive index are important factors explain-
ing the contrast in skin cancer and normal skin. The origin of the contrast
between healthy and diseased tissues in the THz frequencies was initially fo-
cused on the changes in water content [4, 10, 11]. But it was not clear what
brings this difference in water content. In the further exploration of the source
mechanism for the contrast, it was found that water content variation is not
the only cause of contrast in some studies [6, 12]. The structural changes in
the cells were responsible in part for the changes in the THz optical prop-
erties between healthy and cirrhotic liver tissues [6]. THz imaging at −20◦C
shows better contrast between the cancer tissue and normal mucosa than the
room temperature THz imaging at 20 ◦C in the frequency domain [13]. It
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was regarded that the THz distinction between normal and cancerous tissues
originated from cellular structure deformation, as confirmed by histological
analysis, because the effect of water in blood could be removed by freezing tis-
sues before taking THz measurements. Apart from BCC, attention is also paid
on melanoma skin cancer. The THz dielectric characteristics of healthy skin,
dysplastic and non-dysplastic skin nevi were shown in [14,15]. It demonstrated
that the dysplastic nevi, as precursors of melanoma, could be identified by the
difference in the complex permittivities from healthy skin. But the origin of
the difference was not further explored.

Above research are all conducted with real diseased tissues. The biologi-
cal tissue is a very complex system from the chemical, physical, and biological
point of view. Each of the basic components of water, tissue-lipids, fat collagen,
epithelial cell cytoplasm etc. represents a complex chemical composition and
structure. It is therefore essential to characterise the structure and composition
at all levels to understand the complex response of such tissues to THz radi-
ation. The characterisation of artificial tissues with controllable compositions
and variations can be an alternative approach to further explore the different
response to THz radiation between healthy and cancerous tissues. A prelimi-
nary investigation was carried out on artificial normal skin and melanoma skin
cancer in [16]. In this paper, the study is extended to more samples with three
different fibroblast and melanoma cell densities, and comprehensive analysis
on the material properties is presented.

The Double Debye (DD) model is targeted for the mechanism of interac-
tion between THz radiation and water molecules [17]. Due to the high water
proportion of skin as well as increased water content of skin tumour compared
to normal skin, DD model was used to describe the dielectric spectra of skin,
both cancerous and healthy in [5,11,18]. The DD model is also considered as a
promising component for the discrimination between healthy and diseased tis-
sues. The experiment carried out on BCC, both ex-vivo and in-vivo, shows that
there are significant differences in extracted DD parameters between normal
and BCC tissues, hence suggesting their potential for the cancer discrimina-
tion. The fitting algorithm as well as optimisation of the extraction of the DD
parameters were improved in [18, 19]. With utilisation of the updated fitting
algorithm, the classification capability of the DD parameters to discriminate
between BCC and normal skin was also confirmed and it was found that the
best classifier was the static permittivity at low frequency of DD parameters
in [20]. In this paper, the DD model is applied to describe the dielectric re-
sponse of artificial normal skin and melanoma to THz radiation, which helps
understand the contrast mechanism of healthy and cancerous tissues.

The knowledge of skin structure and constituent is necessary for the inves-
tigation on artificial skin and melanoma. Skin can be divided into three main
layers: epidermis, dermis and subcutaneous fat. Dermis the thickest layer. In
normal human skin, melanocytes are aligned at the basement membrane, sep-
arating the epidermis from dermis as shown in Fig. 1. In this work, the inves-
tigation is carried out with WM1158, which is a highly aggressive melanoma
cell line with mesenchymal morphology. Different from normal melanocytes,
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WM1158 melanoma cells invade into the dermis layer [21]. In synthetic biol-
ogy, dermal equivalent (DE) is developed by seeding dermal fibroblast cells
in collagen gel to progressively re-organise the lattice [22]. DE has been used
as a replacement for human skin in various fields of skin biology [23]. The
collagen lattice is contracted and water is squeezed out in the contraction
process. Specifically, it has been shown that DE contracts more at high fi-
broblasts concentration and low collagen concentration [22]. The impact of
cell density and collagen concentration on the electromagnetic properties of
DE in the THz Band has been experimentally studied and presented in [24].
More importantly. in general, the collagen concentration and the number of
cells determine the rate of contraction, but some categories of cells have a
reduced capacity to contract lattices, namely, transformed cells, tumour cells,
established cell lines [25]. The findings on tumour cells degrading collagen con-
traction motivate the study to quantify the difference in THz electromagnetic
parameters between artificial normal skin tissues and melanoma with different
cell densities.

Fig. 1 Schematic of human skin structure and constituent cell types. Skin is stratified com-
posed of the epidermis, dermis and subcutaneous fat. The dermis is the thickest layer, which
is mainly comprised of collagen and fibroblasts. Melanocytes are aligned at the basement
membrane, separating the epidermis from dermis [23].

In this work, three duplicate artificial normal skin and melanoma samples
with different fibroblast and melanoma cell densities were prepared and five
repeatable measurements were conducted at the same spot of each sample by
using THz-TDS ATR technique. It alleviates the uncertainty caused by sam-
ple thickness and generates statistical information of the samples, which en-
ables the extraction of optical parameters with high accuracy. Apart from the
comparison in complex refractive index, complex permittivites are calculated
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to evaluate the deviations between the artificial normal skin and melanoma.
The DD model is applied to characterise the frequency-dependent dielectric re-
sponse of THz radiation to tissues and the extraction optimisation problem are
presented. The extracted DD model parameters are compared to strengthen
their potentiality to discriminate the melanoma from normal skin tissues, and
the findings on the variations on these parameters are analysed.

2 Sample Preparation and Methods

2.1 Sample Preparation

Aforementioned, human skin fibroblasts cultured in a hydrated lattice of type
I collagen appears to be a substitute for normal living dermis. Collagen pro-
vides scaffolding, nutrient delivery, and potential for cell-to-cell interaction.
The standard collagen mixture is made up in the following parts: type I colla-
gen makes up 8 parts of final mix, 10X Minimum Essential Medium (MEM)
makes 1 part and Fetal Bovine Serum (FBS) containing the desired number
of fibroblast cells makes 1 part. Collagen lattices were made with a final col-
lagen concentration of 2 mg/ml. The reason for choosing this concentration is
that the THz parameters of artificial skin with such collagen are closer to the
real skin as demonstrated in [24,26]. The collagen lattices were cast in 12-well
plastic dishes with 1.5 ml mixture per well.

In the normal skin tissue-like samples, 1 Million (M)/ ml fibroblast cells
solely were seeded in collagen solution and incubated for gelation at 37 ◦C, 5%
CO2 for approximately 15 minutes. While in the melanoma samples, 0.5 M/ml
fibroblast were cast in collagen solution to allow gel; After gelling, 0.5 M/ml
WM1158 melanoma cells suspended in 1 ml RPMI (Roswell Park Memorial
Institute) medium were inoculated on the top of the fibroblast-populated col-
lagen gels. Then incubate the samples in the incubator at 37 ◦C, 5% CO2 and
change the medium every day. After 5 days incubation, THz measurement was
conducted on the samples with THz-TDS ATR system. Another two compar-
ative sets with different cell densities were prepared as shown in the Table.
1, in order to study the relations of the melanoma cell density and the THz
optical parameters of the artificial samples. The selection of the cell densities
is in line with literature [21,27].

Table 1 Artificial normal skin and melanoma samples with different fibroblast and
melanoma cell densities.

Sample number Cell constituent
S1 (normal) 1 M/ml Fibroblast cells
S2 (melanoma) 0.5 M/ml Fibroblast cells+ 0.5 M/ml Melanoma cells
S3 (normal) 0.5 M/ml Fibroblast cells
S4 (melanoma) 0.25 M/ml Fibroblast cells+ 0.25 M/ml Melanoma cells
S5 (normal) 0.1 M/ml Fibroblast cells
S6 (melanoma) 0.05 M/ml Fibroblast cells+ 0.05 M/ml Melanoma cells
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Fig. 2 are digital images of artificial normal skin sample 1 and melanoma
sample 2 on the third day after gelling simultaneously. It is observed that,
at the same moment, the artificial melanoma sample has larger surface area
than the artificial normal skin sample, which reflects that melanoma sample
contracts more slowly. This phenomenon happens to other comparative sets
of samples. The main reason is that melanoma cells degrade the contraction
of collagen lattice as demonstrated in [25].

(a) Artificial normal skin (b) Artificial melanoma

Fig. 2 Top down digital photographs of an artificial (a) normal skin sample 1 with 1 M/ml
fibroblast cells and (b) melanoma sample 2 with 0.5 M/ml fibroblast cells + 0.5 M/ml
melanoma cells. It is observed that the melanoma sample contracts more slowly than the
normal sample.

2.2 Attenuated Total Reflection

Because the THz radiation is largely attenuated by the biological tissues with
high water content, samples are required to be thin enough to enable accept-
able intensity come to the detector in THz-TDS operating in the transmission
mode. It brings much complexity in the sample preparation, sample thickness
determination and experiment operation. To overcome the difficulty, geom-
etry of the reflection measurement is well optimised to obtain accurate op-
tical parameters of aqueous bio-molecular mediums. THz-TDS ATR is one
of the reflection techniques that have been explored. It has been confirmed
that THz-TDS ATR technique is suitable for measuring samples with high
absorbance [28,29].

With the major advantages in faster sampling, excellent sample-to-sample
reproducibility and minimal operator-induced variations, THz-TDS ATR pro-
vides excellent data quality together with high reproducibility for highly ab-
sorbing samples. The core element of a THz-TDS ATR system is a prism,
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and usually the prism is made of silicon which is almost transparent and non-
disperive across the THz frequencies [30]. In the ATR technique, the THz beam
from the emitter is directed into a silicon prism of relatively higher refractive
index. The THz wave reflects from the prisms internal surface and produces an
evanescent wave, which projects orthogonally into the sample in close contact
with the ATR prism. The sample absorbs some of the energy of the evanes-
cent wave and the reflected radiation (some now absorbed by the sample) is
returned to the detector. The single reflection THz-TDS ATR phenomenon is
graphically depicted in Fig. 3.

Fig. 3 Graphical representation of a single reflection THz-TDS ATR.

The depth of penetration dp of the THz beam into the sample depends on
the wavelength, the refractive indices of the ATR crystal and the sample and
the angle of the entering light beam. Technically, dp is defined as the distance
required for the electric field amplitude to fall to e−1 of its value at the surface
and is further defined by the well-known equation,

dp =
λ

2π(
√
n21sin

2
θ − n22)

(1)

where λ represents the wavelength of light and θ is the angle of incidence of
the THz beam relative to a perpendicular from the surface of the crystal. It
is typically of the order of a few microns (5 -40 µm) in the frequency band of
interest.

In order to achieve a high quality spectrum, it is necessary to ensure good
contact between the sample and ATR prism as the evanescent wave penetrates
only up to a specific number of microns into the sample. Moreover, dry nitrogen
is purged to remove water vapour. The sample thickness is ensured to be
greater than the penetration depth of the evanescent field.
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In ATR spectroscopy, the temporal waveforms of a sample and a reference
are obtained. The ratio of the reflected complex amplitude of the sample to
the reference is [31],

Rsam
Rref

= Pe−i∆ (2)

where Rsam and Rref are the Fast Fourier Transform (FFT) complex ampli-
tude reflected at the ATR surface with and without sample, respectively. P
refers to the absolute value of the ratio, while ∆ denotes the phase shift.

According to [31], the squared complex refractive index of the sample, ñ2

is expressed as,

ñ2 =
sin2θi(1−

√
1− 4(sinθsamcosθsam)2)

2(sinθsamcosθsam)2
n2Si (3)

where θsam is the transmission angle with sample and nSi is the refractive
index of the silicon. Here, the refractive index of silicon nSi is 3.41 and the
incident angle θi is 51.5◦. Based on the extracted ñ2, the real and imaginary
parts of the refractive index can be calculated.

3 Double Debye Model

The Double Debye model is characterised by the frequency-dependent dielec-
tric function as [5, 32,33],

εr(ω) = ε∞ +
εs − ε2

1 + jωτ1
+

εs − ε∞
1 + jωτ2

(4)

where ε∞ is the limiting permittivity at high frequency in the real part, which
is a superposition of higher frequency resonances such as intra-molecular vi-
bration modes and electron excitation [34]. The second and third terms are the
slow and fast relaxation mode, respectively. Relaxation is a reactive process
that may involve translational and rotational diffusion, hydrogen bond rear-
rangement, and structural rearrangement depending on the time scale. Such
processes will be associated with activation energies and may have a significant
temperature dependence. It is suggested that the molecules of liquid water are
in the form of tetrahedral structure. When water is excited by the incident
THz radiation, the structure is perturbed and reorients; the structure must
break to enable this to happen. Thus, four hydrogen bonds need to be bro-
ken, which is a slow process τ1. Subsequently, the single water molecule will
reorient and move to a new tetrahedral site, which is a fast process τ2 [35,36].
Two relaxation times indicate the size of the coupling between the relaxation
mode and the electric field. εs is the static permittivity at low frequency, and
ε2 is the intermediate dielectric constant for the description of the transitional
state between the two relaxation processes [35]. εs−ε2 and εs−ε∞ refer to the
dispersion in amplitude of the slow and fast relaxation processes, respectively.
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The numerical value of the frequency-dependent complex permittivity εmr (ω)
is obtained by,

εmr (ω) = (n(ω)− j cα(ω)

2ω
)2 (5)

where n(ω) and α(ω) are the measured frequency-dependent refractive index
and absorption coefficient, respectively.

The standard squared error between the relative complex permittivity
εr(ω) and its actual value εmr (ω) at a frequency sample ωi is,

E(ωi) = |εr(ω)− εmr (ω)|2

= |ε∞ +
εs − ε2

1 + jωτ1
+

εs − ε∞
1 + jωτ2

− εmr (ω)|2
(6)

In fitting the complex permittivity with its DD model, the sum of the
squared residuals is minimised. Accordingly, the five DD parameters εs, ε2,
ε∞, τ1 and τ2 in Eq. 4 are extracted from the following total square error
minimisation,

min
εs,ε2,ε∞,τ1,τ2

N∑
i=1

E(ωi)

subject to ε∞ ≥ ε0, εs ≥ ε2, ε2 ≥ ε∞
τ1 ≥ 0, τ2 ≥ 0

(7)

where N is the number of data points used to fit the model over the frequency
range 0.4 to 1.6 THz.

The Particle Swarm Optimisation (PSO) was used to extract the DD model
parameters of the collagen samples, which shown that the proposed dielectric
model matches well with the dielectric properties of collagen not only at the
high range of frequency (beyond 1 THz) but also at the lower band in [37].
Therefore, PSO algorithm [38] is also implemented in this work. The number
of particles chosen in the PSO algorithm is 100 and this algorithm ends after
1000 iterations if the threshold is not reached before the optima.

4 Data Analysis

4.1 Complex Refractive Index

The obtained averaged values of refractive index and absorption coefficient of
duplicate artificial normal skin and melanoma samples with three different cell
densities are presented in Fig. 4. It is shown that the refractive index and ab-
sorption coefficient of melanoma are higher than artificial normal skin tissues
with the same fibroblast cell density in the frequency band between 0.4 and 1.6
THz. In addition, the difference increases with the frequency, which indicates
better contrast in higher frequency (beyond 1 THz). It is mainly because that
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Fig. 4 The measured (a) refractive indexes and (b) absorption coefficients of six types of
samples as listed in Table .1.

tumours in general have increased water content, which agrees with the find-
ings in the studies using positron emission tomography and nuclear magnetic
resonance techniques [39,40]. Moreover, the reason for increased water content
is mainly that tumour cells have a reduced capacity to contract lattices [41].
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It means that less water is squeezed out from the melanoma samples in the
lattice contraction process, causing melanoma having higher water content left
than normal samples. Besides, THz radiation has a higher sensitivity to water
content at higher frequencies in the THz band.

4.2 Permittivity

As optical properties are directly related to dielectric permittivities, a concrete
understanding of dielectric properties of the tissues provides a deeper insight
into the contrast mechanism between normal and cancerous tissues. Based on
the mean values of the measured complex refractive index above, the com-
plex permittivity can be calculated to characterise the artificial tissues. The
extracted permittivity and fitted values using PSO algorithm for six types
of samples are shown in Fig. 5. Although there is no consistent difference in
the real part, it is observed that the melanoma samples have higher imagi-
nary permittivities than the normal skin samples for all kinds of cell densities.
This difference is getting larger with the rise of the frequency. Therefore, the
imaginary permittivity could be adopted as a reliable classifier to differentiate
artificial melanoma from normal skin.

4.3 The Impact of Cell Density

The impact of the cell density on the contrast between the material parameters
of the artificial normal and melanoma tissues has been studied. The measured
mean and standard deviations of complex refractive index and permittivity of
artificial normal skin and melanoma samples from multiple measurement are
shown in Fig. 6 as a function of cell density at 0.5 THz.

It is observed that there is a standard deviation of around 0.01 to 0.04 in
refractive index, about 2 cm−1 to 20 cm−1 in absorption coefficient and 0.2
in both real and imaginary permittivity of the samples with three kinds of
cell densities. These differences of the same sample could be generated by the
uncertainty in, such as leftovers around the samples, flatness of the sample
and slight difference in cell numbers and cell states in the collagen mixture.

Moreover, the complex refractive index parameters of melanoma samples
have larger variations than that of normal skin samples. For example, the
refractive index of artificial normal skin at 0.5 THz increases 4.3% while that
of melanoma samples increases 8.7% with the cell density rises from 0.1 M/ml
to 1 M/ml. The absorption coefficient of the melanoma samples deceases from
153 cm−1 to 138 cm−1 when the cell density increases from 0.1 M/ml to
0.5 M/ml and then increase to 142 cm−1 when the cell density rises to 1
M/ml, which is more sharp than the variation in artificial normal skin from
147 cm−1 to 139 cm−1 and then to 138 cm−1. It is also shown that both
real and imaginary permittivities of melanoma samples change more sharply
than normal samples with cell density. The larger variations in both refractive
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Fig. 5 The measured average complex permittivities of artificial normal skin and melanoma
samples as listed in Table. 1 and their fitting models with yellow line referring to the normal
sample while purple line denoting melanoma.

index and permittivity of melanoma samples indicate that cellular response
of fibroblast and melanoma cells to pulsed THz radiation can be significantly
different.
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Fig. 6 The measured average and standard deviation of (a) absorption coefficient and
refractive index (b) real and imaginary permittivity of artificial normal skin and melanoma
changes with cell density at 0.5 THz.

4.4 Double Debye Model Parameters

With the utilisation of PSO algorithm, the fitted permittivities of the various
samples are obtained as illustrated in Fig. 5. The model is well fitted with
the measured results. In addition, the extracted DD model parameters with
mean and standard deviations for six categories of tissues are listed in Table.
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Table 2 Double Debye parameters of artificial normal skin and melanoma samples with
different fibroblast and melanoma cell densities determined from the particle swarm optimi-
sation method.

Samples εs ε2 ε∞ τ1(ps) τ2(ps)
S1 (normal) 24.976(1.535) 4.650(0.001) 4.557(0.141) 3.936(0.024) 0.486(0.004)
S2 (melanoma) 47.228(4.165) 4.746(0.098) 4.669(0.125) 4.910(0.042) 0.47(0.027)
S3 (normal) 33.370(2.140) 4.460(0.001) 4.412(0.116) 3.931(0.004) 0.489(0.002)
S4 (melanoma) 53.360(2.376) 4.621(0.001) 4.489(0.098) 4.982(0.001) 0.488(0.002)
S5 (normal) 33.890(1.916) 4.460(0.001) 4.489(0.116) 3.930(0.004) 0.488(0.003)
S6 (melanoma) 58.371(1.349) 4.622(0.001) 4.343(0.125) 4.983(0.001) 0.488(0.001)

2. It is seen that the static dielectric constant εs of melanoma samples are
higher than the artificial normal skin samples. More specifically, εs of artificial
normal skin sample 1 is 24.976, while that of melanoma sample 2 increases
to approximately 47.228. The one in the second comparison between normal
sample 3 and melanoma sample 4 increases from 33.370 to 53.360, while it
rises from 33.890 in normal sample 5 to 58.371 in melanoma sample 6.

Additionally, it is observed that slow relaxation time τ1 in melanoma sam-
ples is longer than artificial normal skin samples of all three sets of comparison.
For instance, slow relaxation time of the normal sample 1 is 3.936 while it is
4.910 in the melanoma sample 2. It is apparent that there is a strong correla-
tion between the cell type and density and the DD model parameters. These
findings also confirm the capability of DD model parameters to differentiate
the melanoma from the normal skin tissues.

5 Conclusions

This work introduces a promising approach by varying the composition and
concentration of cells in artificial tissues to characterise the different response
to the THz radiation between normal and cancerous tissues. The obtained re-
sults show that over the frequency range 0.4 to 1.6 THz, the melanoma samples
have higher refractive indexes and absorption coefficients than artificial normal
skin samples. It is mainly because that tumour cells have a reduced capacity to
contract collagen lattices, causing melanoma samples contain more water. The
refractive index and permittivity of melanoma samples has larger variations
than the normal skin samples, indicating that cellular response of fibroblast
and melanoma cells to pulsed THz radiation is significantly different. Besides
the water content, the cell type and density is relevant with the structure of
tissues, which in turn changes the THz electromagnetic parameters of artificial
tissues. Multi-parameter approach can be adopted including permittivity and
DD parameters to classify melanoma from healthy tissue. The static permit-
tivity at low frequency and slow relaxation time of DD model parameters are
confirmed as good classifiers to differentiate the artificial normal skin from
melanoma. These findings in this paper provide a better understanding of the
THz response to healthy and cancerous tissues and introduce more informative
features for cancer classification.
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